A two-dimensional (0,z) Navier-Stokes solver for multi-port wave rotor flow simulation is described. The performance impact of rounding the inlet port wall, to inhibit separation during passage gradual opening, is assessed.
INTRODUCTION
The wave rotor is a machine designed to efficiently transfer energy between gas streams of differing energy density. The energy exchange is accomplished within shrouded rotor passages (see Fig. 1 ) by axially-propagating shock and expansion waves. The waves are initiated as the ends of the wave rotor passages open and close to the relatively steady flows in stationary inlet and outlet ports in a timed 1993) and significantly influence the shape and subsequent distortion of contact discontinuities within the rotor (cf. Eidelman, 1985) .
Machine performance is degraded by viscous, heat transfer, and shock losses within the rotor passages, leakage to and from the rotor passages and ports, and mixing of nonuniform port flow fields and at gas/gas interfaces. Arguably, the gas dynamic wave timing can be modeled either analytically or by the method-of-characteristics (e.g., see Burri, 1958) ; however, the inherent multi-dimensionality and nonlinearity of many of the wave rotor loss mechanisms provide impetus for applying computational fluid dynamics (CFD) methods to simulate the wave rotor flow dynamics.
One-dimensional (I-D), single rotor passage, CFD models (e.g., see Zehnder, 1971 , Thayer et al., 1980 , Wen and Mingzheng, 1982 , Taussig, 1984 , and Paxson, 1995 that use time-varying boundary conditions to represent the inlet and outlet port conditions accurately predict the gas dynamics within straight rotor passages having aspect (length-to-width) ratios typical of pressure exchangers (i.e., > 10). The inlet port is designed so that the rotating passages close just as the reflected shock reaches the rotor/port interface. The reflected shock wave is emitted into the inlet port. The gradual closing of the passage generates a pair of counter-rotating vortices.
Model Restrictions
Centripetal forces establish a tangential baroclinic torque along contact discontinuities (interfaces) between gases of differing density:
this can cause significant interface skewing (cf. Keller, 1994) . The distortion is expected to scale with the square of rotor Mach number and the rotor hub-to-tip ratio (cf. Larosiliere, 1995) . Optimum rotor Mach numbers based on peak cycle temperature are low (< 0.3) and optimum hub-to-tip ratios are likely at or above 2/3 (cf. Welch, 1996) ; centripetal and Coriolis forces are neglected in this work and the rotor passages and inlet ports are solved at passage mid-span, in z-0 (or x-y)
coordinates. Leakage flows, both from the rotor passages to the space between the rotor and the outer casing and from passage-to-passage, are neglected in this work. In practice leakage is mitigated by minimizing rotor/end-wall clearance and/or by using seals; however, it is noted that leakage substantially reduces the performance (e.g., see Wilson and Fronek, 1993) , and can impact the radial and tangential port flow profiles, of some machines. Fluid-to-wail heat transfer is another potentially significant loss mechanism neglected in the present work in which the passage walls are adiabatic.
The inlet port flow fields in many applications are likely turbulent.
The character (laminar, transitional, or turbulent) of the boundary layer flow within the rotor passages is not known, but will certainly be influenced by the turbulence intensity of the incoming driver flow.
The viscous flow of this work is modeled using laminar transport properties, under the thin-layer approximation (cf. Baldwin and Lomax, 1978) . Turbulence-enhanced mixing (e.g., at gas/gas interfaces and in nonuniform outflow port flow fields) and turbulence-enhanced diffusion (e.g., of vorticity and hea0 are neglected. Assessing the impact of neglecting the streamwise diffusion terms by the thin-layer approximation remains for future work.
Solution Method
The wave rotor flow field is modeled by the 2-D, unsteady, 
Port/Rotor Interfaces
The multiple rotor passages are solved on identical grid blocks. inlet port rounding effects a flow area increase which decelerates the flow just upstream of the rotor as indicated by the increase in the density contour levels (see Fig. 4 ). Also evident in Fig. 4 is that the density of the fluid entering the rotor decreases abruptly at the rotor interface as a result of the sudden decrease in flow area caused by the 7.4% blade blockage.
Port Boundary Conditions

FOUR-PORT WAVE ROTOR APPLICATION
A simulation of the design-point operation of a planned four-port wave rotor experiment is discussed in this section. The four-port experiment calls for an external heater to add the energy that, in practice, is added in the burner of a gas turbine engine. The heater and four-port wave rotor combine to effect a Brayton cycle in which the rotor provides pressure gain (i.e., the exhaust port total pressure is higher than the inlet port total pressure) while producing zero net work by design.
Only the wave rotor is modeled in the present work. The heat addition and heater pressure drop are implicit in the specified boundary conditions. Cycle timing and rotor dimensions were set by 
Flow Mechanics
An "unwrapped" view of the wave rotor solution is provided in
Figs. 6 and 7 which show instantaneous total pressure and total temperature contours for the time-periodic (converged) solution. Timeaveraged mixed-out port total properties are also noted. At the instant in time shown, the lowest passage is beginning to open to the low pressure exhaust port where, in this discussion, "low pressure" refers to the bottom two ports and "high pressure" refers to the top two ports.
Low pressure ports.
The low pressure port region serves to draw unheated, relatively cold air on-board the rotor from the inlet port and to expand and discharge high pressure, high temperature passage fluid to the exhaust port. As a passage gradually opens to the low pressure exhaust port, an expansion fan moves into the passage and reduces the on-board pressure as the passage content is discharged to the exhaust port. The principal fan traverses the passage, reflects off the inlet port side of the rotor, and returns to the exhaust port. This is evident in the low pressure of the preceding passages. 
Hi.qh pressure ports.
The high pressure port region provides the main compression of the unheated air that enters the rotor in the low pressure inlet port. This gas, already slightly compressed by the coalesced shock wave of the low pressure port region, is compressed another three to four times in the high pressure port region. As a passage gradually opens to the high pressure inlet (from-heater) port, compression waves--eventually steepening into a shock wave--move on-board, and compress and set into motion the on-board "driven" gas.
This allows the incoming "driver" gas to enter the rotor passage.
Simultaneously, an expansion wave moves into the port and reduces the total pressure and temperature of the incoming driver gas. Figure  9 shows a close-up of instantaneous density contours and velocity vectors during passage charging process. The evolution of the hot driver gas/cold driven gas interface is influenced by the local relative velocity which is effected by the inlet port rounding and blade profiling (afler Keller, 1984, and see Welch, 1993) . Note that a pocket of driven gas is captured by the driver gas due to incidence at the passage leading edge during opening. The principal shock traverses the rotor passage and reflects off the end-wall just as the high pressure exhaust (to-heater) port begins. The left-running reflected (lambda)
shock interacts strongly with the boundary layer established by the principal shock. The principal shock interacts with the cold-gas/hotgas interface established earlier as the cold gas entered the low pressure inlet port. The reflected shock interacts with both this interface and the interface between the high pressure driver gas and cold driven gas. These Richtmeyer-Meshkov interactions impact the vorticity along the interfaces. The cold driven gas and the hot gas that was not discharged during the low pressure exhaust process, now compressed by both the principal and reflected shock waves, are discharged to the stratified exhaust port. The high pressure inlet port ends as the reflected shock arrives back at the inlet port/rotor interface.
As a passage gradually closes-off from the inlet port, a pair of strong vortices is created, and an expansion fan is initiated which eventually brings the passage flow to rest in the rotor frame.
The fan traverses the passage and brings the axial velocity at the rotor/exhaust port interface to zero, and is reflected in a manner similar to the fan in the low pressure exhaust port.
In the presented simulation, the axial velocity in fact does not quite reach zero; a weak hammer shock merges with the coalescing wave produced as the fan reflects off the exhaust port. This wave can be barely discerned in Fig. 6 as it traverses, and is emitted from, the rotor during the low pressure exhaust port discharge process (as noted in Fig. 8 ).
Impact of Two-Dimenslonal Effects
The flow discharged to the heater is highly stratified (see Fig. 7 ), composed of both the cold air originally from the low pressure inlet port and the hot air not discharged in the low pressure exhaust process.
In a gas turbine generator application, the hot air (exhaust gas recirculation) is previously burned. This hot gas is twice-compressed and is the hottest fluid in the machine. Its entropy is that of the burner exhaust gas, plus that produced in the low pressure port region, plus that produced during recompression by the principal and reflected shocks back up to the peak cycle (to-heater) pressure. The 2-D total temperature contours of Fig. 7 illustrate that the particular (throughflow) four-port cycle simulated here creates high wall temperatures in the high pressure exhaust port. Figure 7 shows that hot driver gas coats the trailing end of the high pressure exhaust port: More hot gas is discharged to the heater than anticipated by the I-D design analysis.
At the same time, the captured cold(driven) airwhich bydesign was tobeexhausted tothe heater remains on-board the rotor and is discharged instead to the low pressure exhaust port. Exhaust port temperature non-uniformity is thus increased and less fresh air is discharged to the heater (burner) than intended. This redistribution (capturing) of cold and hot air is caused by the asymmetric gradual opening of passages to the high pressure inlet port and the subsequent evolution of the interface between the hot driver (from-heater) gas and cold driven gas. The redistribution accounts for a discrepancy between the actual 1.91 temperature ratio effected by the specified boundary conditions and the 2.0 temperature ratio effected by the same boundary conditions in the I-D design code.
Figures 6 and 7 show that the low pressure exhaust port is nonuniform in both total temperature and total pressure, in part due to this redistribution.
Further, the trailing wall of the high pressure exhaust port is washed by hot fluid rather than cold, leading to higher duct wall thermal loads than projected by the initial 1-D design.
In addition to redistribution caused by the passage gradual opening process, redistribution of cold and hot gas occurs by interface skewing (discussed earlier) and by boundary layer dynamics; the latter leads to an inversion in the expected rotor blade (adiabatic) temperature profile. Figure l0 shows that the time-averaged free-stream (passage centedine) gas temperature is lower on inlet end of the wave rotor than on the outlet end. This is expected because cold flow enters, and spends the greatest fraction of the cycle time, on the inlet end of the rotor. Strictly 1-D analysis will suggest that the wall temperature distribution qualitatively follows the mean free-stream temperature; however, the predicted mean adiabatic wall temperature distribution of this work suggests that the wall temperature is higher on the inlet end of the rotor than the outlet end, and that the wall temperature gradient is reduced in magnitude from that of the free stream.
The time-averaged adiabatic wall temperature--i.e., the time-averaged temperature of the boundary layer fluid adjacent to the wall--reflects the time-dependent boundary layer temperature distribution rather than the free-stream temperature distribution. Indeed, the entering cold flow moves over the hot boundary layer fluid attached to the rotor rather than displacing it as assumed in I-D analysis. Similarly, at the discharge end of the rotor, some of the cold fluid remains in the boundary layers rather than being discharged to the high pressure exhaust port (heater). As a result, the mean rotor adiabatic wall temperature is lower than the mean free-stream temperature:
The mean time-averaged free-stream temperature is near the averaged low pressure exhaust port total temperature whereas the mean time-averaged wall temperature is more like the colder exhaust port mixed-out static temperature. There is a hot spot at the inlet end of the rotor. The rotor wall temperature distribution will in general affect rotor design through thermal growth, stress, and (in some applications) rotor cooling considerations.
Machine Performance Levels
Wave rotor performance levels are compared in Fig. 11 Figure I i indicates that the performance predicted by the 2-D solver is consistent with that reported by General Electric (cf. Mathur, 1985) and better than that reported by RollsRoyce (cf. Moritz, 1985) .
A second 2-D design-point simulation was carried out for a version of the four-port wave rotor in which the high pressure (fromheater) inlet port leading wall is not rounded; rather, the inlet port and stator end-wall form a sharp comer off which flow separates during the passage gradual opening process. As indicated in Fig. 11 , the impact of inlet port rounding on wave rotor pressure gain is found to be negligible, contrary to suggestions in the literature (e.g., see Keller, 1984) .
SUMMARY
A 2-D (0,z), thin-layer Navier-Stokes solver developed to simulate unsteady, two-dimensional flow in the stator/rotor/stator geometry of multi-port wave rotors was described.
Good agreement between
computed results and three-port wave rotor experimental measurements was shown.
The model was used to predict the design-point performance level of a planned four-port wave rotor experiment. The predicted performance is lower than that predicted by the I-D code used to design the experiment, in part due to entropy production in separated flows in (lambda) shock/boundary layer interaction and in the rotor blade wakes. Other important two-dimensional flow features were identified" skewing of the interface between hot and cold gases is caused by unstable Rayleigh-Taylor flows established by shock/contact (Richtmeyer-Meshkov) and expansion fan/contact interactions; vortices are created during passage gradual opening and closing processes and can influence the evolution of the cold gas/hot gas interfaces. Interface skewing, boundary layer flow dynamics, and passage gradual opening lead to the redistribution of hot and cold gas within the wave rotor passages in ways not accounted for by 1-D codes. The twodimensional redistribution of hot and cold gas in the rotor impacts rotor blade and duct wall thermal loads. The impact of redistribution of hot and cold gas can be reduced by minimizing the relative amount of cold driven gas "captured" behind the hot driver gas during passage charging process in the high pressure port; this suggests increasing the rotor passage aspect ratio beyond the optimum determined by 1-D design analysis. Finally, a comparison of computations with straight and rounded inlet port leading walls showed that rounding affords no appreciable performance benefit.
